Objective There is a discrepancy in the intensity of breath sounds in chronic obstructive pulmonary disease (COPD) patients between subjective studies, which have reported a diminished intensity, and objective studies using airflow-standardized measurements, which have not demonstrated a diminished intensity. We herein evaluated the breath sound intensity in COPD patients during tidal breathing in order to obtain clinically relevant results. Methods The subjects included 20 stable COPD patients and 20 normal controls. Microphones were attached to six sites on the chest wall, and breath sounds at the chest wall and airflow in the mouth were measured during resting tidal and deep tidal breathing. The octave-band power values of the breath sounds were subsequently calculated. Results 1. During resting breathing, the intensity of breath sounds during both inspiration and expiration was significantly greater in the COPD group than in the control group; the difference was prominent at higher frequency bands (>400 Hz). In addition, the power of the high frequency bands tended to be positively correlated with the CT visual emphysema scores but not the forced expiratory volume in one second, The airflow during resting breathing did not differ between the two groups. 2. During deep breathing, the intensity of inspiratory breath sounds at the dominant frequency band (200-400 Hz) was diminished over the upper and middle lung fields in the COPD group compared to that observed in the control group, while the intensity during expiration was not. The airflow during deep breathing was lower in the COPD group than in the control group. Conclusion In the present study, the breath sound intensity in the COPD patients was diminished during deep inspiration due to a reduced airflow and increased during both resting inspiration and expiration.
Introduction
Chronic obstructive pulmonary disease (COPD) is a disease state characterized by airflow limitation that is not fully reversible and is usually progressive (1) . The diagnosis of COPD is confirmed on spirometry in patients with relevant symptoms or a history of exposure to risk factors (1) . Although physical examinations are not considered to be useful for diagnosing COPD (1) , several studies have demonstrated the diagnostic efficacy of auscultation (2, 3) . For example, Pardee et al. and Bohadana et al. showed that the intensity of subjectively quantified breath sound is significantly correlated with the degree of airflow obstruction (4, 5) , indicating that decreased breath sounds are an important sign of COPD. In contrast, Schreur et al., Sano and Malmberg et al. showed that the intensity of objectively measured breath sounds is not decreased in patients with emphysema (6) (7) (8) .
This discrepancy can be explained by the fact that the measurements were obtained at a specified airflow, whereas previous qualitative studies have assessed rapid and deep breathing in order to obtain the loudest breath sounds from the subjects. Nevertheless, there have been no studies to date regarding whether the breath sound intensity in COPD patients is decreased during tidal breathing, which may be an important issue in daily clinical practice. Moreover, this topic is important for the future development of computerized lung sound analyses without airflow measurements for the diagnosis of COPD. Hence, the aim of this study was to elucidate the characteristics of breath sounds during resting and deep tidal breathing in COPD patients in comparison with that observed in normal subjects.
Materials and Methods

Subjects
A total of 20 patients with COPD and 20 normal control subjects participated in this study. The patients with COPD were selected from among outpatients and inpatients visiting our hospital for rehabilitation. The diagnosis of COPD was made based on the GOLD criteria for spirometry [forced expiratory volume in one second/forced vital capacity (FEV1/ FVC) <70%], which was performed within six months. Patients with a history of acute illness within the previous eight weeks were excluded. Spirometry was performed immediately after the measurement of breath sounds in the control subjects. Meanwhile, chest CT images obtained within 12 months, which were available in 17 COPD patients, were used to quantify the extent of emphysema according to Goddard's visual scoring method (9) (Fig. 1) . CT visual scores were subsequently determined as the average values by three independent physicians (two pulmonologists, one radiologist).
The normal subjects were recruited from among employees of our hospital and their families. The control participants had no abnormalities on periodic medical examinations, including chest X-ray images, and exhibited a smoking history of <10 pack-years. The study protocol was approved by the Ethics Committee of Fukuoka Hospital (reference number: 22-47), and all subjects provided their written informed consent. 
Breath sound measurements
The breath sounds were recorded using a custom-made recording system for lung sounds (Fig. 2) in a quiet room in the hospital. The recording system was comprised of six aircoupled microphones (ECM-PC60, SONY, Tokyo, Japan), amplifiers, a pneumotachograph (SP-310, Fukuda Sangyo, Chiba, Japan), A/D converter and personal computer. Microphones were attached to six sites on the chest wall (bilaterally at the anterior second intercostal space on the midclavicular line, between the fifth vertebra and scapula and 3 cm above the lung base at the midscapular line) with doublesided adhesive tape. The breath sounds recorded by the six microphones were amplified and subsequently digitized with a 16-bit resolution at a sampling frequency of 12.5 kHz per channel. The airflow in the mouth measured using the pneumotachograph was digitized simultaneously.
Two measurement sessions were performed successively in an upright seated position. The subjects were instructed to breathe through the mouth piece of the pneumotachograph for 60 seconds of "resting breathing" and "deep breathing" at the first and second sessions, respectively. The breathing maneuver was not strictly defined; therefore, it varied according to the subject. A nose clip was used to prevent nasal breathing.
Breath sound analysis
The recorded sound and airflow signals were analyzed using a custom-made computer program. The program visualized the six lung sound channels as a spectrogram and airflow curve, simultaneously. The program scanned all airflow data to determine the inspiratory and expiratory phases. Thereafter, the program scanned the airflow data during each breath to identify a segment of 0.655 seconds (8, 192 data points) with the highest mean airflow for each breath and each phase. The mean airflow values (L/s) were used in the subsequent analyses. Thereafter, data segments that included adventitious sounds or various noises were excluded based on a visual inspection of the sound spectrogram. Consequently, 16 .0 breaths during resting breathing and 12.4 breaths during deep breathing were selected on average in each subject. For each selected segment, the power in three octave bands [200-400 Hz: low frequency (LF), 400-800 Hz: middle frequency (MF), 800-1,600 Hz: high frequency (HF)] was calculated using a fast Fourier transform (8, 192 points, Hanning window). The <200-Hz frequency band was not analyzed because muscle and heart sounds are difficult to eliminate from the breath sounds within this band (10) . The recording system was calibrated using a reference sound pressure [94 dB (0 dB=20 μPa), 1 kHz], and all data were expressed as the dB SPL.
Statistical analysis
The octave band power values (in dB) were averaged for each subject and for each of three sites (upper anterior, midback and lower back; bilateral data were combined) according to four conditions: resting inspiration, resting expiration, deep inspiration and deep expiration. These values were compared between the control and COPD groups using the unpaired t-test.
The airflow was compared between the two groups using the unpaired t-test because the breath sound power depends on the airflow. A multiple regression analysis was employed to elucidate the difference in the effects of the airflow on the intensity of breath sounds between the two groups. Multiple regression analyses were also used to exclude the confounding effect of the body mass index (BMI) on the differences in the breath sound intensity between the two groups.
Results
Characteristics of the subjects
The characteristics of the participants are presented in Table 1. The mean age was higher in the COPD group than in the control group, and the mean BMI was significantly higher in the control group than in the COPD group. One patient was classified as having GOLD stage I disease, nine patients as having stage II disease, five patients as having stage III disease and five patients as having stage IV disease.
Breath sound intensity
1) Resting tidal breathing
The intensity of breath sounds during resting tidal breathing in the COPD and control groups is presented in Fig. 3 . During both inspiration and expiration, the breath sound intensity in the COPD group was significantly louder than that observed in the control group in all frequency bands, regardless of the recording site; the difference was prominent at higher frequency bands (>400 Hz; MF, HF). The mean inspiratory MF power of six sites was 42.9 dB (SD 4.9) and 34.6 dB (SD 2.4) in the COPD and control groups, respectively. This value was more than 37 dB in 19 (95%) COPD subjects and three (15%) control subjects. Fig. 4 shows the sound spectrogram of the breath sounds in the representative COPD and control subjects.
2) Deep breathing
The intensity of breath sounds during deep breathing var- Fig. 1 ) and a control subject (B). In the COPD case, spectra of higher frequency (>400 Hz) are increased in both the inspiratory and expiratory phases compared with that observed in the normal case. ied according to the frequency band, recording site and respiratory phase (Fig. 5) . During inspiration, the LF band was diminished in the upper and middle lung fields, whereas the HF band was not diminished in any lung field and in fact increased in the lower lung field, in the COPD group compared with the normal group. During expiration, the breath sound intensity was not different between the two groups, except in the lower lung filed, where the breath sounds were louder in the COPD group than in the normal group at all frequency bands (Fig. 3) .
Effect of the airflow
During resting tidal breathing, the airflow did not display significant differences in either the inspiratory or expiratory phases between the COPD and control groups. However, during deep breathing, the airflow was approximately 1.5 times higher in both phases in the control group than in the COPD group (Fig. 6) .
Airflow vs. breath sound intensity scatter plots, including both resting and deep breathing data, showed that the breath sounds tended to be louder in the COPD group than in the control group at an equivalent airflow, regardless of the recording site (Fig. 7) . The statistical difference between the control and COPD groups was confirmed in a multiple regression analysis.
Determinants of increased resting breath sounds in the COPD patients
We next investigated the relationship between the breath sound intensity during resting tidal breathing and the CT visual scores for emphysema in 17 COPD patients. In the expiratory phase, the breath sound intensity (average data for all recording sites) was significantly (MF) or marginally (LF, HF) correlated with the CT visual scores. In the inspiratory phase, a significant correlation was observed for only the HF band (Fig. 8) . We also investigated the relationship between the breath sound intensity and the FEV1 (% pred.) values in 20 COPD patients. Consequently, there were no relationships between the breath sound intensity and FEV1 values during either inspiration or expiration (Fig. 9) .
Effects of BMI and age on the breath sound intensity
There were differences between the control and COPD groups in terms of age and BMI. These factors may have had confounding effects on the results of this study; there- fore, the effects of these variables were analyzed statistically. In the control group, there were no relationships between age and the breath sound intensity at any frequency band (p>0.4), whereas BMI exhibited a negative correlation with the breath sound intensity at the LF and MF bands in the control group (Table 2) . A multiple regression analysis was performed using the tidal breath sound intensity as the dependent variable and the BMI and CT scores (the scores of the normal subjects were assumed to be 0) as the independent variables. This analysis showed the CT emphysema score to be significantly associated with the breath sound intensity, independent of BMI ( Table 3) .
Discussion
In this study, we compared the breath sound intensity between the COPD patients and normal control subjects during resting and deep tidal breathing. Consequently, during deep inspiration, the breath sounds were weaker in the COPD group than in the control group at the dominant frequency band (200-400 Hz), which can be explained by the effects of a reduced airflow. In contrast, during resting breathing, 0.60 p:0.0005 LF: power within the low-frequency band (200-400 Hz), MF: power within the middle-frequency band (400-800 Hz), HF: power within the high-frequency band (800-1,600 Hz). BMI: body mass index the inspiratory and expiratory breath sounds were louder in the COPD group than in the control group, especially at higher frequency bands (>400 Hz). Furthermore, the resting expiratory breath sound intensity tended to be related to the CT visual scores, not the FEV1, suggesting that the increased expiratory breath sounds observed in the COPD group were related to emphysematous changes rather than airflow limitation.
Text books have traditionally described the characteristic feature of emphysema being diminished breath sounds on auscultation, as demonstrated in studies using subjective assessments (11, 12) . However, in a study using acoustic measurements, Schreur et al. proved that the breath sound intensity at a standardized airflow is not different between normal and emphysematous subjects (6) . That report is based on data obtained during relatively rapid breathing (inspiratory target flow: 2 L/s, expiratory target flow: 1 L/s) and the breath sound intensity expressed at 200 Hz. Another study by Sano measured the breath sound intensity in the 200-400-Hz and 400-800-Hz bands at inspiratory flow rates of 350 mL/s and 700 mL/s and found that breath sounds were not decreased in patients with emphysema, and may in fact be increased instead (7). In addition, Malmberg et al. demonstrated that the breath sound intensity does not differ between COPD patients and normal subjects during either inspiratory or expiratory breathing at a target flow rate of 1.25 L/s (8) . These studies are very important because they assessed breath sounds objectively at standardized airflows, and their findings suggest that the decreased breath sounds often observed in COPD patients in daily clinical practice are the result of a decreased airflow.
In the current study, the breath sound intensity in the COPD group was greater than that noted in the control group when measured during resting tidal breathing. The flow range of this study is similar to that used by Sano, and the results are consistent with that study. However, the present study is different in that no target flow was used and the subjects thus breathed at their own pace. Hence, the findings of this study may be extended to auscultation. In addition, the breath sound intensity during deep inspiration in the COPD patients in this study was diminished at the dominant frequency range (200-400 Hz), consistent with the well-known clinical features of emphysema. Meanwhile, the breath sound intensity was greater in the COPD group than in the control group at similar airflow rates. Therefore, the diminished breath sounds detected in COPD patients may be due to the inability of these patients to increase their breath sounds in comparison with controls due to a reduced airflow during deep breathing. On the other hand, this pattern is not observed for higher frequency components because enhancement of these components in the setting of COPD counterbalances the effects of a reduced airflow.
The mechanisms underlying resting breath sound enhancement in COPD patients required further investigation. A possible factor is that COPD patients are thinner than control subjects. However, the breath sound intensity correlated positively with the CT emphysema score after adjustment for BMI in this study. The generation of rhonchi or wheezes in another possible factor, especially in bronchitisdominant type COPD subjects, as reported by Gavriely et al. (13) . However, this phenomenon was not observed in the present study, as we eliminated the segments that contained adventitious sounds. Other possible mechanisms may be associated with the production site and transmission of sound. In normal subjects, breath sounds measured at the chest wall are generated at intralobar sites in the inspiratory phase and at more proximal sites in the expiratory phase (14, 15) . It is possible that airway narrowing in patients with COPD, which may increase the airflow velocity in peripheral regions, induces changes in the sites of breath sound generation. To our knowledge, no studies published to date have determined the origin of breath sounds in COPD patients. If breath sounds are produced at sites closer to chest wall surface, the measurements will be greater in intensity, with enhanced high-frequency components, consistent with the features noted in this study.
Certain changes in the characteristics of sound transmission in the lungs may also yield similar effects. It is possible that emphysematous or hyperinflated lungs possess increased sound transmission properties compared with normal lungs due to the loss of tissue density. However, only one previous study has investigated the sound transmission properties of COPD lungs (16) . The findings of this study are difficult to interpret with regard to the transmission properties of COPD lungs because the authors only measured the ratio of a target region transmission to the apex transmission when test signals (white noise) were introduced through the mouth. Therefore, further studies to elucidate the sound transmission characteristics of the lungs in COPD patients versus normal subjects are needed to address this issue.
There are a few limitations associated with the present study. First, the subjects' characteristics, including age and BMI, were not matched between the COPD and control groups. Although the statistical analysis suggested that the differences in these characteristics had very little influence on the results, an additional study with matched control subjects is needed to confirm our findings. Second, we used airflow monitoring at the mouth during the sound measurements, which may affect the breathing pattern. Therefore, the "resting breathing" state in this study may have differed from the subjects' normal resting tidal breathing. However, we believe that the findings obtained during resting breathing in this study are applicable for clinical auscultation during periods of relatively quiet breathing. Finally, the frequency characteristics of the air-coupled microphone may have had certain effects on the results. The microphone itself has flat frequency characteristics between 50 to 15,000 Hz. However, it is well known that the sensitivity of aircoupled microphones can deteriorate at a higher frequency range (17) . Therefore, it is possible that enhanced highfrequency components are actually more prominent in COPD patients than indicated by the present results.
Although breath sound auscultation was not performed in this study, there is a possibility that the increased breath sound intensity noted during tidal breathing is characteristic of COPD during auscultation. Furthermore, the increased high-frequency components of breath sounds identified in the COPD patients is an interesting result. These frequency components may not be detected during auscultation using conventional stethoscopes, which are primarily designed to acquire low-frequency sounds (18) . If the above findings are confirmed, modifying the frequency characteristics of stethoscopes may be useful. Moreover, our findings suggest that measurements of the breath sound energy at higher frequencies (400-1,600 Hz) may be used as a diagnostic tool to discriminate between COPD patients and normal subjects.
In conclusion, the breath sound intensity in the COPD patients is diminished during deep inspiration due to a reduced airflow and increased during both resting inspiration and expiration. The increased breath sound intensity noted during resting breathing, especially that involving high-frequency components, may be related to the presence of emphysematous changes on CT. Further studies are thus needed to clarify the clinical implications of our findings. This paper was presented in part at the 38th annual conference of the International Lung Sounds Association on November 14-15, 2013 in Kyoto, Japan.
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